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ABSTRACT

Background. Patients with human epidermal growth factor
receptor (HER)-2" breast cancer are at particularly high
risk for brain metastases; however, the biological basis is
not fully understood. Using a novel HER-2 assay, we inves-
tigated the correlation between quantitative HER-2 ex-
pression in primary breast cancers and the time to brain
metastasis (TTBM) in HER-2"* advanced breast cancer pa-
tients treated with trastuzumab.

Methods. The study group included 142 consecutive
patients who were administered trastuzumab-based
therapy for HER-2"* metastatic breast cancer. HER-2/

neu gene copy number was quantified as the HER-2/
centromeric probe for chromosome 17 (CEP17) ratio by
central laboratory fluorescence in situ hybridization
(FISH). HER-2 protein was quantified as total HER-2
protein expression (H2T) by the HERmark® assay
(Monogram Biosciences, Inc., South San Francisco, CA)
in formalin-fixed, paraffin-embedded tumor samples.
HER-2 variables were correlated with clinical features
and TTBM was measured from the initiation of trastu-
zumab-containing therapy.

Results. A higher H2T level (continuous variable) was
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correlated with shorter TTBM, whereas HER-2 amplifi-
cation by FISH and a continuous HER-2/CEP17 ratio
were not predictive (p = .013, .28, and .25, respectively).
In the subset of patients that was centrally determined
by FISH to be HER-2", an above-the-median H2T level
was significantly associated with a shorter TTBM (haz-
ard ratio, [HR], 2.4; p = .005), whereas this was not true
for the median HER-2/CEP17 ratio by FISH (p = .4).
Correlation between a continuous H2T level and TTBM
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was confirmed on multivariate analysis (HR, 3.3; p =
.024).

Conclusions. These data reveal a strong relationship between
the quantitative HER-2 protein expression level and the risk for
brain relapse in HER-2" advanced breast cancer patients. Con-
sequently, quantitative assessment of HER-2 protein expression
may inform and facilitate refinements in therapeutic treatment
strategies for selected subpopulations of patients in this group.
The Oncologist 2012;17:26-35

INTRODUCTION

Breast cancer is a malignancy with a remarkably high risk for
brain relapse [1, 2]. Brain metastases accompanying breast
cancer are associated with a poor prognosis, negatively impact
quality of life, and are relatively resistant to systemic therapies.
A particularly high risk for brain relapse is associated with
overexpression of human epidermal growth factor receptor
(HER)-2 or amplification of the HER-2/neu gene [3-5], which
is most likely related to the molecular characteristics of this tu-
mor type and to the poor efficacy of systemic therapy to pre-
vent brain metastases [6]. Growing evidence suggests that the
high incidence of brain metastasis with breast cancer may be
attributed to organ-specific tropism [7, 8]. Trastuzumab, a
monoclonal antibody that targets the extracellular domain of
HER-2, is a standard component of systemic therapy for
HER-2" breast cancer. Although, on average, trastuzumab
treatment is associated with considerable benefits in terms of
progression-free and overall survival (OS) outcomes, only a
fraction of HER-2" metastatic breast cancer patients respond
to this agent, and a significant proportion of responders relapse
within 1 year [9-13]. Importantly, because of its high molec-
ular weight (145,000 Da) and other physical and chemical
properties, trastuzumab does not cross an intact blood—brain
barrier and is ineffective in preventing and treating brain me-
tastases [14, 15]. Consequently, 30%-50% of HER-2" ad-
vanced breast cancer patients develop brain relapse [16-24],
with an annual risk of ~10% [24]. As a result of the impaired
penetration of trastuzumab across the blood—brain barrier,
brain metastases frequently occur in patients with responsive
or stable disease at metastatic extracranial sites [25, 26]. On the
other hand, better control of extracranial metastatic disease re-
sulting from trastuzumab therapy was found to delay the de-
velopment of brain relapse [27, 28], and the continuation of
trastuzumab beyond brain progression results in a longer sur-
vival time [23, 28 -30].

Several retrospective studies have explored clinical and
biological features associated with a propensity to develop
brain relapse in patients with HER-2" advanced breast cancer.
Reported adverse factors include the presence of visceral dis-
ease, younger age, premenopausal status, a short disease-free
interval after primary therapy, and a negative hormone recep-
tor status [16—-19, 22-24]. However, the results of particular
studies have been inconsistent and none of these factors alone
or in combination could enable selection of a subset of
HER-2" advanced breast cancer patients who might benefit
from active surveillance for brain relapse or from potential pre-
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ventive strategies. Recently, expression of several genes was
found to be associated with a higher risk for brain relapse in
both the general population of breast cancer patients [7] and
the HER-2" subset [31]; however, no robust molecular signa-
ture to predict brain relapse has been developed.

The VeraTag™ proximity-based assay (HERmark®
Breast Cancer Assay; Monogram Biosciences, Inc., South San
Francisco, CA) enables precise quantitative measurements of
total HER-2 expression in formalin-fixed, paraffin-embedded
tissue specimens [32]. Most recently, higher HER-2 expres-
sion, as determined using this assay, was associated with a lon-
ger survival time after trastuzumab treatment in HER-2™"
advanced breast cancer patients [33, 34]; however, the associ-
ation between the quantitative HER-2 level (H2T) and the pro-
pensity to metastasize to a particular site has not been
examined. This study was designed to investigate the correla-
tion between a continuous HER-2 level as measured by the
HERmark Assay and the risk for brain relapse in HER-2" ad-
vanced breast cancer patients treated with trastuzumab.

MATERIALS AND METHODS
This study was approved by the Ethics Committee of the Med-
ical University in Gdansk, the coordinating center.

The study group included a consecutive series of HER-2™"
(3+ as assessed by immunohistochemistry [IHC] or 2+ as as-
sessed by IHC and HER-2™ as assessed by fluorescence in situ
hybridization [FISH]) pathologically confirmed advanced
breast cancer patients treated in nine Polish institutions be-
tween December 2000 and July 2010. All patients received at
least one dose of trastuzumab with or without chemotherapy
(typically taxanes, vinorelbine, or capecitabine) throughout
the entire study period. The line of therapy during which tras-
tuzumab was first administered was not recorded, although the
median time from diagnosis of metastatic disease to the initi-
ation of trastuzumab was 3.4 months (range, 0—49 months).
This delay resulted from the fact that a substantial proportion
of patients received trastuzumab as a second-line or subse-
quent line of therapy in the metastatic setting. Because the time
from diagnosis of metastatic disease to the initiation of trastu-
zumab did not correlate with the time to brain metastasis
(TTBM) (p = .7), this factor was not used for stratification.
The majority of patients remained on trastuzumab treatment
until progression, three patients terminated trastuzumab ad-
ministration earlier as a result of the occurrence of excessive
toxicity or personal decision, and 20 patients continued trastu-
zumab therapy beyond progression. Patients were identified
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through computerized hospital systems, protocol enrollment
lists, or manual search. All slides were subjected to central pa-
thology review. In total, 164 HER-2" advanced breast cancer
patients were identified initially, 22 of whom were subse-
quently removed from the analysis because of pre-existing
brain metastases (n = 6) or because they received trastuzumab
in the adjuvant setting (n = 16; eight of these also received
trastuzumab for metastatic disease), leaving a study cohort of
142 patients (Table 1).

The following information was extracted from the medical
records: date of diagnosis of breast cancer, previous local and
systemic therapy, date and type of first progression (local, re-
gional, distant), dominant site of metastatic disease (soft tissue,
bone, viscera), date of diagnosis of brain metastasis, dates on
which trastuzumab was received, date of first progression
while on trastuzumab therapy, and date of death or last fol-
low-up visit. For tumors involving more than one category, the
dominant site of distant disease was classified by the category
associated with the worst prognosis, irrespective of the extent
of involvement, in the following order of increasing gravity:
soft tissue, bones, viscera. Because of the retrospective nature
of this study, tumor staging was performed using the American
Joint Committee on Cancer/Union for International Cancer
Control classification from 1997. The brain metastases in-
cluded radiographically confirmed (computed tomography or
magnetic resonance imaging) parenchymal brain lesions. No
screening for occult brain lesions was performed; therefore, all
metastases were symptomatic or detected accidentally. Fol-
low-up information was extracted from medical records and
tumor registries. Because this analysis was based on a retro-
spective analysis of medical records, patient consent was not
sought.

HER-2" status was initially determined using semiquanti-
tative IHC at the institutions participating in the study. HER-2
gene copy number assessment using FISH was performed cen-
trally at the Department of Biology and Genetics, Medical Uni-
versity of Gdansk. Gene amplification was defined as a FISH
ratio (HER-2/centromeric probe for chromosome 17 [CEP17]
ratio) >2.0. H2T was measured using the HERmark assay as
described by Lipton et al. [33] and Larson et al. [35], with units
of relative fluorescence per mm? of invasive tumor (RF/mm?>
tumor). Expression of estrogen receptor (ER) and progesterone
receptor (PgR) was determined using IHC, with 10% nuclear
staining considered as a positive result.

The median follow-up times were 68 months (range, 7-144
months) from the initial diagnosis of breast cancer, 34 months
(range, 4—121 months) from the first occurrence of relapse,
and 29 months (range, 1-115 months) from the initiation of
trastuzumab-containing therapy. The median time from the
initial diagnosis to first relapse was 22 months (range 0-103
months) and the median duration of trastuzumab therapy was
10 months (range, 1-115 months).

TTBM was calculated from the initiation of trastuzumab-
containing treatment to the diagnosis of brain metastasis or
was censored at the end of follow-up or death. The OS time
was calculated from the initiation of trastuzumab-containing
treatment to death (from any cause) or was censored at the end
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of follow-up. The Kaplan—-Meier method was used to estimate
the probability of brain metastases over time. p-values were
calculated for the univariate analysis using the log-rank test
with stratification where indicated. Cox models were used for
multivariate analysis with stratification where indicated. Cox
models were also used to estimate the hazard ratio (HR) and its
confidence interval (CI). In the multivariate Cox models and in
the univariate Cox model assessing this particular variable,
time to non-brain progression was used as a time-dependent
variable to examine the effect of other types of progression on
the risk for brain metastases. Analyses controlling for the com-
peting risks of death (on brain relapse and disease recurrence at
all other sites) were performed by the method of subdistribu-
tion of competing risks as described by Fine and Gray [36].
p-values <.05 were considered significant. Statistical analyses
were prespecified to the extent possible in a statistical analysis
plan and were performed independently by separate teams at
Monogram Biosciences, Inc. (South Francisco, CA) and Inter-
national Drug Development Institute (IDDI), Inc. (Louvain-la-
Neuve, Belgium). Any discrepancies were resolved by
agreement among the clinical team in Poland and the statistical
teams at Monogram and IDDI.

RESULTS

Characteristics and Outcomes of Study Cohort

In total, 49 of 142 patients (35%) developed symptomatic brain
relapse. Among those 49 patients, the median TTBM was 13
months (95% CI, 9-18 months). After the start of trastuzumab
treatment, in 20 patients brain metastasis occurred at the time
of first metastatic progression, 17 of whom developed brain re-
lapse during trastuzumab treatment. The remaining 29 patients
developed brain relapse after discontinuation of trastuzumab
treatment. The cumulative risks for developing brain relapse at
1, 2, and 3 years from the initiation of trastuzumab-containing
treatment were 19%, 30%, and 46%, respectively (95% CI,
12%-25%, 22%—-39%, and 34%—-58%, respectively). The me-
dian OS time from the initiation of trastuzumab therapy in the
overall population was 32 months (95% CI, 28 —43 months),
28 months (95% CI, 16-32 months), and 40 months (95% ClI,
28—66 months) in the subgroups of patients who did and did
not develop brain metastasis, respectively.

HER-2 amplification was found in 117 of the 138 cases
analyzable using FISH (85%). H2T was 86% concordant (k =
0.55) with the HER-2/CEP17 ratio, considering negative,
equivocal, and positive categories for both H2T and the HER-
2/CEP17 ratio (Fig. 1).

Determinants of TTBM

Twelve correlates of TTBM were explored (Table 2), including:
(a) commonly used clinical variables (age, menopausal status,
dominant site of metastatic disease, ER and PgR levels, tumor
grade, HER-2 status by conventional FISH), (b) time to non-brain
progression, and (c) the novel measurement of continuous HER-2
protein expression H2T, considered as a categorical variable us-
ing a specific cutoff and also as a continuous variable. A higher
H2T (assessed either as a continuous variable or as a categorical
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Table 1. Patient characteristics
Did not develop Developed brain
brain metastases metastases All patients
(n =93) (n =49) (n =142)

Variable n % n % n %
Menopausal status

Postmenopausal 52 56 26 53 78 55

Premenopausal 41 44 23 47 64 45
Dominant metastatic site

Soft tissue 20 22 8 16 28 20

Bone 20 22 8 24 17

Viscera 52 56 37 76 89 63

Unknown 1 1 0 0 1 1
Metastatic type

At diagnosis 9 10 5 10 14 10

Recurrent 84 90 44 90 18 90
Estrogen receptor

Positive 40 43 15 31 55 39

Negative 53 57 34 69 87 61
Progesterone receptor

Positive 29 31 14 29 43 30

Negative 63 68 32 65 95 67

Unknown 1 1 3 6 4 3
Grade

3 49 53 36 73 85 60

1-2 44 47 13 27 57 40
Pathology type

Ductal 84 90 43 88 7 89

Lobular 2 2 2 4 4 3

Other 2 2 3 2

Unknown 5 5 3 6 8 6
HER-2 status (HERmark H2T)*

Positive 62 67 47 96 19 77

Equivocal 7 8 0 0 7 5

Negative 24 26 2 4 26 18
HER-2/CEP17

>2.0 73 78 44 90 17 82

=2.0 18 19 3 6 21 15

Unknown 2 2 4 4 3
Age at progression, yrs

Median 54 50 53

Range 25-79 33-72 25-79

*HERmark positivity was defined as an H2T value >17.8 RF/mm? and HERmark negativity was defined as an H2T value
=10.5 RF/mm?, with equivocal in between these two limits. These cutoffs were previously found to coincide with the

central lab—determined 95th percentile of HER-2~ cases and 5th percentile of HER-2" cases.
Abbreviations: CEP17, centromeric probe for chromosome 17; HER-2, human epidermal growth factor receptor; H2T, total
HER-2 protein expression; RF, relative fluorescence.
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Figure 1. Relationship between quantitative HER-2 protein
level (H2T) as assessed by HERmark and HER-2 as assessed by
fluorescence in situ hybridization (FISH). Cutoffs for HER-2 pos-
itivity by FISH and HERmark are indicated by solid lines. FISH
and HERmark equivocal zones (HER-2/CEP17 ratio of 1.8-2.2
for FISH; 10.5-17.8 RF/mm? for HERmark) are bounded by dot-
ted lines. Concordance between H2T assessed by HERmark and
the HER-2/CEP17 ratio assessed by FISH was 86% (k = 0.55).

Abbreviations: CEP17, centromeric probe for chromosome
17; HER-2, human epidermal growth factor receptor 2; RF, rela-
tive fluorescence.

variable using defined cutoffs) was significantly correlated with a
shorter TTBM in the entire HER-2™ patient population, defined
as HER-2" either by IHC 3™ or by FISH ratio >2.0. Other vari-
ables correlated with TTBM included tumor grade and time from
initiation of trastuzumab therapy to non-brain first progression.
The HR for the previously defined positive H2T versus negative
H2T groups (Table 2 footnote) was 5.6 (p = .007). However, in
this study, the negative H2T group was small (n = 26). The best
discriminating H2T cutoff value was found to be 50 RF/mm?,
with an HR of 2.6 (p = .001). Of note, this value was close to the
median H2T value of 58 RF/mm?. Continuous H2T was also sig-
nificantly correlated with TTBM (p = .013), indicating a propor-
tional increase in the risk for brain metastases across the entire
range of H2T measurements. In contrast to H2T, neither the cutoff
of a HER-2/CEP17 ratio of 2.0 nor a continuous HER-2/CEP17
ratio correlated significantly with TTBM (p = .28 and .25, respec-
tively).

As noted above, both H2T and tumor grade were univar-
iate correlates of TTBM. To confirm that H2T impacted
TTBM in addition to grade, the analyses were repeated with
tumor grade as a stratification factor. Stratifying for grade,
the HR for H2T at a cutoff of 50 RF/mm? remained signif-
icant (HR, 2.2; p = .013), although the correlation of a con-
tinuous H2T with TTBM in the entire population was only
trending (p = .070).

A competing risks analysis was performed to confirm that
the occurrence of death was not impeding the ability to accu-
rately measure the correlation of H2T with TTBM. Controlling
for death, H2T remained a significant correlate of TTBM using
both the H2T = 50 RF/mm? cutoff (HR, 2.7; p = .0009) and a
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continuous H2T (HR, 2.7; p = .0066) with HRs similar to or
slightly higher than those calculated without controlling for
death (Table 2) (HRs of 2.6 and 2.3, respectively).

H2T assessed either as a continuous variable or as a cate-
gorical variable using defined cutoffs was not correlated with
OS in our patient population.

TTBM in the HER-2" Population as Assessed

by FISH

Because of the lack of central HER-2 IHC assessment and the
possibility that some of the cases included might have been
false positive for HER-2 by IHC, additional analyses were per-
formed in the subset of 117 patients classified by central lab-
oratory testing as HER-2" by FISH (Table 2). In this group,
H2T (assessed as a continuous variable and using defined cut-
offs, with or without stratification by tumor grade) was signif-
icantly correlated with TTBM, whereas a continuous HER-2/
CEP17 ratio was not (p = 0.4). Within the HER-2" population
assessed by FISH, patients with tumors expressing HER-2
above the median (H2T, 58 RF/mm?) were more than twofold
more likely to develop brain metastases than those with a
HER-2 level below the median—HRs of 2.4 (p = .005) and 2.2
(p = .019) without and with grade stratification, respectively
(Fig. 2A). An even larger HR was seen for the H2T cutoff
value of 50 RF/mm?, HRs of 2.6 (p = .003) and 2.3 (p = .014)
without and with grade stratification, respectively (Fig. 2B). In
contrast, patients with tumors determined to have HER-2 am-
plification above or below the median (HER-2/CEP17 = 6.9)
had a similar likelihood of developing brain metastases (HR,
1.3; p = 0.4) both with and without grade stratification (Fig
2C). Similar results were also observed using other FISH HER-
2/CEP17 cutoffs (data not shown).

Effect of Tumor Grade on H2T Correlation

with TTBM

Because tumor grade was found to be a significant correlate of
TTBM on univariate analysis, and it had some effect on the HR
CIs for H2T when used as a stratification factor, we separately
examined the correlation of H2T with TTBM in the subsets of
patients with grade 1-2 and grade 3 tumors. The correlation
between H2T and TTBM was stronger in the grade 1-2 subset,
consistent with an interaction between H2T and tumor grade
(p = .025). TTBM for the four subgroups defined by the H2T
cutoff of 50 RF/mm? and two grade categories (combined
grades 1-2 versus grade 3) showed similar outcomes for three
of the groups (H2T low—grade 3, H2T high—grade 1-2, H2T
high—grade 3) as compared to that of the H2T low—grade 1-2
subset, which had a significantly lower likelihood of develop-
ing brain metastases (log-rank p = .0012 for comparison of the
four subgroups) (Fig. 2D). A univariate Cox model estimated
an HR of 0.17 for the H2T low—grade 1-2 patients compared
with patients in the three other groups (p = .0001). Even
though the log-rank comparison of the four subgroups (with
three degrees of freedom) was also significant (p = .0012), this
result should be interpreted cautiously given the multiple com-
parisons that are possible among these four subsets. To assess
whether this was a general phenomenon across the entire range
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Table 2. Univariate analysis of time to brain metastases
All patients HER-2* by FISH
Unstratified Stratified by Unstratified Stratified by
Variable Category Events/n (%) HR p-value grade HR p-value Events/n (%) HR p-value grade HR p-value
Age Continuous 49/142 (35%) 0.9 6 0.9 7 44/117 (38%) 1.0 9 1.0 1.0
MP status Post-MP 26/78 33%) 097 9 0.94 8 23/63 (37%)  0.94 8 0.93 8
Pre-MP 23/64 (36%) 21/54 (39%)
D_:)minant metastatic Multiple® 49/141 (35%) - 095° - 088 44/116 (38%) - 100 - 17
sie
ER Positive 15/55 (27%)  0.75 4 0.86 6 14/40 35%) 1.0 9 11 9
Negative 34/87 (39%) 30/77 (39%)
PgR Positive 14/43 (33%) 1.1 i 13 4 13/35 (37%) 1.4 4 1.5 22
Negative 32195 (34%) 28/79 (35%)
Grade 3 36/85 (42%) 2.4 007 - 3373 (45%) 22 022 -
1-2¢ 13/57 (23%) 11/44 (25%)
HER-2 expression Positive? 47/109 (43%) 5.6 .007 44 .029 44/103 (43%) - -
(HERmark H2T) 0 atived 2126 (8%) 0/11 (0%)
HER-2/CEP17 >2.0 44/117 (38%) 1.9 28 1.4 6 - - -
=20 321 (14%)
Log(H2T) Continuous 49/142 (35%) 2.3 013 19 070 44/117 38%) 3.0 008 238 022
Log(HER-2/CEP17)  Continuous 45/131 (34%) 1.7 25 1.4 5 42/110 38%) 1.4 6 12 7
HER-2 expression ~ H2T >50 RF/mm’® 32/65 (49%) 2.6 001 22 013 31/63(49%) 2.6 003 23 014
LD H2T <50 RF/mm?®  17/77 (22%) 13/54 (24%)
Time to non-brain  Continuous 49/142 35%) 2.5 006 2.4 010 44/117 (38%) 2.4 015 22 025
progression”
aTest for significant difference among any of the three categories of viscera, bone, and soft tissue.
"Time to non-brain progression used as a time-dependent variable to examine effect of other types of progression on the risk
for brain metastases.
“Grades 1 and 2 were combined because there were only three grade 1 cases.
YHERmark p051t1v1ty was defined as an H2T value >17.8 RF/mm? HERmark negativity was defined as an H2T value
=10.5 RE/mm?. These cutoffs were previously found to coincide with central lab—determined 95th percentile of HER-2~
cases and 5th percentile of HER-2" cases.
“There was an insufficient number of events to estimate the hazard ratio. There were four cases with unknown PgR status,
four cases with unknown FISH status, and seven cases in which the FISH spots were too numerous and clustered to make a
reliable count.
Abbreviations: CEP17, centromeric probe for chromosome 17; ER, estrogen receptor; FISH, fluorescence in situ
hybridization; HER-2, human epidermal growth factor receptor; H2T, total HER-2 protein expression; HR, hazard ratio;
MP, menopausal; PgR, progesterone receptor; RF, relative fluorescence.

of H2T values, we examined the correlation between a contin-
uous H2T level and TTBM within the two subgroups of grades
1-2 and grade 3 patients. No difference was found for the cor-
relation between a continuous H2T and TTBM between the
particular grade groups in the entire population (interaction
p = .6); however, a trend toward a stronger correlation be-
tween H2T and TTBM was observed in the grade 1-2 patient
subgroup than in the grade 3 patient subgroup in the subset of
patients who were HER-2" by FISH (interaction p = .10).

Impact of Progression Other Than Brain
Metastases on TTBM

We previously demonstrated that a shorter time to relapse in
HER-2" advanced breast cancer patients was associated with a
higher risk for developing brain metastases [24]. Similarly, in
the current cohort, time to non-brain progression treated as a
time-dependent variable was found to be significantly associ-
ated with TTBM on univariate analysis (Table 2). To further
examine the correlation between other sites of progression and
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TTBM, multivariate models were fitted with TTBM as the out-
come, H2T and the HER-2/CEP17 ratio as baseline variables,
and progression other than brain metastasis as a time-depen-
dent variable (Table 3). The models were stratified by tumor
grade and ER and PgR status. H2T and the HER-2/CEP17 ratio
were tested as continuous variables rather than using defined
cutoffs to avoid potential overfitting associated with particular
cutoffs. Time to non-brain progression was significantly asso-
ciated with TTBM while controlling for the other variables. In
the subset of patients who were HER-2" by FISH, a continuous
H2T level (HR, 3.3; p = .024) and time to non-brain progres-
sion (HR, 2.9; p = .0056) were correlated with TTBM,
whereas HER-2/CEP17 was not.

HER-2 Level Distribution by Dominant

Metastatic Site

Following the observation that H2T was correlated with TTBM,
we attempted to determine whether or not the occurrence of me-
tastases at other sites was also correlated with H2T. Detailed site-
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Figure 2. Time to brain metastasis according to quantitative HER-2 protein level (H2T), the HER-2/CEP17 ratio as assessed by fluo-
rescence in situ hybridization (FISH), and grade in the subset that was HER-2" by FISH. (A): H2T above the median (HR, 2.4; p = .005);
(B): H2T >50 RF/mm? (HR, 2.6; p = .003); (C): HER-2/CEP17 ratio as assessed by FISH above versus below the median (HR, 1.3; p =
4); (D): H2T low—grade 1-2 versus three other subsets (HR, 0.17; p = .0001).

Abbreviations: CEP17, centromeric probe for chromosome 17; G, grade; HER-2, human epidermal growth factor receptor 2; HR,

hazard ratio; RF, relative fluorescence.

Table 3. Multivariate analysis of time to brain metastasis

All HER-2*

patients by FISH
Variable HR p-value HR p-value
Log(H2T) 2.3 .071 33 .024
Log(HER-2/CEP17) 0.61 46 0.45 .32

Time to non-brain 3.0 .0035 2.9 .0056

progression®

“Time to non-brain progression used as a time-dependent
variable to examine the effect of other types of
progression on the risk for brain metastases.
Abbreviations: CEP17, centromeric probe for
chromosome 17; FISH, fluorescence in situ hybridization;
HER-2, human epidermal growth factor receptor; H2T,
total HER-2 protein expression.

specific follow-up was not available for other metastatic sites;
however, the dominant site of metastasis was assessed for 141 of
the 142 patients. The distributions of H2T measurements were not

different among groups of patients based on dominant metastatic
sites, including soft tissue, bone, and extracranial viscera (p =
0.9) (Fig. 3). In addition, no correlation was observed between the
dominant metastatic site and TTBM (p = .1).

DISCUSSION
This study is the first to demonstrate that the quantitative as-
sessment of HER-2 expression in the primary tumor can be
used to identify HER-2" trastuzumab-treated advanced breast
cancer patients at particularly high risk for developing brain
metastases. Notably, in the multivariate model, H2T (quanti-
tative HER-2 level), tumor grade, and time to distant progres-
sion were the only predictors of brain relapse, and only H2T
and time to distant progression were statistically significant
predictors of this event in the most stringently selected subset
of HER-2" patients as assessed by FISH. All other molecular
and clinical factors, such as the HER-2/CEP17 ratio, HER-2
amplification, hormone receptor status, menopausal status,
and age, were not statistically significant correlates of TTBM.
HER-2 overexpression is a well-recognized factor asso-
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Figure 3. Human epidermal growth factor receptor 2 protein
level (H2T) in primary tumor for each of three dominant meta-
static sites. No significant differences were apparent (p = .9,
Kruskal-Wallis test). H2T is in units of relative fluorescence per
mm? tumor.

ciated with a higher risk for brain metastases [3—5], and there is
relatively high concordance for HER-2 status between the pri-
mary tumor and brain metastases within the same patient [37,
38]. The correlation between high HER-2 expression and a
higher risk for brain metastases might be attributable to the
specific biology of HER-2—overexpressing tumors [6]. This
hypothesis is consistent with the historical “seed and soil” hy-
pothesis of Paget, which suggested that the establishment of a
metastasis in a distant organ favors tumor cells (the “seed”)
with the greatest affinity for the growth-enhancing microenvi-
ronment of the target organ, providing a growth advantage to
the seeds (the “soil”) [39].

Indeed, various members of the epidermal growth factor
receptor (EGFR) family and their ligands have been shown to
mediate breast cancer metastasis to the brain in a multistage
process, including blood—brain barrier infiltration, extravasa-
tion, and brain colonization [7, 40]. For example, expression of
heparin-binding epidermal growth factor, a ligand of EGFR,
was shown to enhance the extravasation of cancer cells
through nonfenestrated capillaries and to stimulate the growth
of a variety of cells through autocrine or paracrine signaling
[7]. In animal models, HER-2 overexpression was found to in-
crease the outgrowth of metastatic tumor cells in the brain [40].
HER-2 may also interact with other members of the HER fam-
ily to enable the establishment of brain metastases in patients
with breast cancer [41]. The finding of this investigation that
high levels of HER-2 expression correlate with a higher risk
for brain metastases is consistent with these prior data.

HER-2 amplification is generally considered to be the main
mechanism of HER-2 overexpression in breast cancer, and there
is generally high concordance between HER-2 status by FISH
testing (DNA) and HER-2 status by IHC testing (protein). How-
ever, the results of this study have shown that H2T as assessed
using HERmark (continuous HER-2 level) is inversely correlated
with TTBM, whereas HER-2 amplification as assessed using
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FISH (continuous HER-2/CEP17 ratio) is not predictive, al-
though a similar trend was observed. There are several factors that
may explain this observation. First, H2T is a quantitative mea-
surement of the functional protein, whereas the HER-2/CEP17 ra-
tio is a numeric count of HER-2 gene amplification (DNA). The
biologic regulation of HER-2 expression in tumor cells is com-
plex, and HER-2 amplification may not always correlate quanti-
tatively with HER-2 expression at the receptor level as a result of
either post-transcriptional or post-translational modifications.
Second, the DNA amplicon detected by the HER-2 FISH probe
contains a number of other biologically significant genes, such as
the gene encoding topoisomerase II-a (TOP2A), that may have an
impact on the clinical outcome of breast cancer patients, including
metastasis to the brain. Finally, the difference in assay design and
thus the ability to provide an accurate quantitative measurement
of HER-2 may also play a role. The HERmark assay is able to
measure a continuous distribution of HER-2 expression extend-
ing over a large dynamic range corresponding to approximately
25,000 to two million receptors/cell, based on a study of control
breast cancer cell lines [32]. Accurate measurement of HER-2 sig-
nals in the HER-2 FISH test may become difficult, particularly in
tumors with a high copy number, for which the fluorescent HER-2
signals may present as clusters instead of distinct individual sig-
nals for numeric counting of HER-2.

Higher H2T values were previously shown to be associated
with a better response to trastuzumab and longer time to pro-
gression in advanced breast cancer patients [33, 34]. In the cur-
rent study, high H2T was associated with a shorter TTBM,
whereas this was not true for extracranial sites of metastasis.
Presumably, this differential biological effect of H2T is a result
of the inability of trastuzumab to penetrate the central nervous
system [16—24]. One might imagine that better control of ex-
tracranial disease by trastuzumab may merely provide more
time for the clinical manifestation of brain relapse; however,
analyses performed to account for progressions at other sites as
competing events confirmed a significant correlation between
H2T (considered as continuous variable) and TTBM.

Importantly, all patients in this study were administered tras-
tuzumab in the metastatic setting. Although trastuzumab does not
effectively penetrate the blood—brain barrier, it may impact the
development of brain metastases through indirect mechanisms. It
is therefore unknown whether or not our findings are applicable to
the population of trastuzumab-naive patients.

CONCLUSION

The correlation between a quantitative measurement of HER-2
expression (H2T) and the risk for brain metastasis in trastu-
zumab-treated advanced HER-2" breast cancer patients sug-
gests that H2T assessment may prove useful in the
identification of patients who would benefit from more person-
alized preventive and therapeutic strategies in this otherwise
high-risk population. Currently several new compounds with
potential prophylactic or therapeutic activity for brain metas-
tases are undergoing clinical evaluation. In contrast to trastu-
zumab, small molecule tyrosine kinase inhibitors do traverse
the blood—brain barrier, although access to brain metastases
may still be impeded [42]. Lapatinib has shown promise at pre-
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venting the emergence of brain metastases in preclinical breast
cancer models [43] and has shown some effectiveness in treat-
ing brain metastases in the clinical setting [44]. In a random-
ized phase I1I study, the addition of lapatinib to capecitabine in
patients who progressed after trastuzumab therapy was associ-
ated with a lower rate of symptomatic brain relapse [45]. Other
agents, such as pazopanib, have shown activity in brain metas-
tasis prevention in mice injected with HER-2—overexpressing
cell lines [46]. As HER-2—directed small molecule agents gain
regulatory approval for indications including primary breast
cancer, quantitative measurements of HER-2 expression may
prove useful in guiding patient management.

Because of its retrospective design, limited sample size,
lack of a trastuzumab-untreated control arm, and lack of cen-
tral IHC measurements to initially exclude false-positive
HER-2 cases, we consider these results as preliminary, hypoth-
esis generating, and warranting confirmation in future studies.
The next step in our study, therefore, is an independent valida-
tion of the results presented here.

Additional studies are needed to understand the clinical utility
of these findings. There is also a need for identifying additional
clinical and biological factors that could be used to detect breast
cancer patients at risk for brain metastasis and to develop treat-
ment strategies to effectively combat this serious complication.
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